Objective: To investigate clinical and laboratory markers of pubertal development in a large sample of obese children and adolescents. Methods: Analysis of parameters of sexual maturation in 1232 obese individuals (582 boys) aged 6-18 years (mean 13.072.42 years). Clinical evaluation of pubertal stage and determination of bone age in a subset (227 patients).
Introduction
Over the last century timing of pubertal development in boys and girls in affluent societies has been subject to significant changes. In girls there is a well documented decrease in the age at menarche over the period from early industrialization to the middle of the twentieth century. 1 This secular trend has continued over the past decades. Recently published studies report evidence for a continuous decrease in age at menarche in different study populations in the United States from the late 1960s to early 1990s 2, 3 and ascertain an overall earlier development of secondary sexual characteristics in girls than current normative data. 4 Simultaneously, the prevalence of obesity in childhood and adolescence has increased dramatically worldwide. [5] [6] [7] [8] [9] The established observation that overweight girls tend to mature earlier 10 and the historically evolving hypothesis of a critical degree of body fatness for the onset of menses, 11, 12 suggests linkage between these phenomena. In fact, large cross-sectional studies in some populations show significant correlations between obesity in girls, earlier development of pubic hair, higher Tanner breast stages, 13 and earlier age at menarche, 2, 14 respectively.
In contrast to these well-documented findings in girls, little is known about secular trends in pubertal maturation in boys and possible relationships to obesity. Controversially discussed data from NHANES III suggest earlier genital development in boys compared to past surveys. 15 Based on the same data set, Wang et al. 16 report a negative correlation between sexual maturation and obesity in boys.
The aim of the present study was to describe clinical, anthropometric and laboratory markers of pubertal development in a large sample of obese children and adolescents living in Germany.
Methods

Subjects
A total of 1232 Caucasian children and adolescents formed the study cohort for our report (582 boys, 650 girls). All subjects were referred to two pediatric clinics in Germany (Department of Pediatrics and Adolescent Medicine of the University of Ulm, and Children's Hospital Hochried, Murnau) within the period from June 1993 to January 2000 for obesity evaluation and treatment. Anthropometric measurements, physical examinations and blood sampling were performed at the day of admission to the clinic. The age range of studied children and adolescents was 6.1-17.9 years. For further analysis, the study sample was divided by 2-year intervals into five age groups as detailed in Table 1 .
Anthropometric measures
Weight and height were determined to the nearest 0.1 kg and 0.1 cm using calibrated scales. The Body Mass Index (BMI ¼ kg/m 2 ) of all subjects exceeded the 97th percentile for age and gender of recently published German reference values. 17 Height -standard deviation scores (height-SDS)
were calculated using these reference values. BMI-standard deviation scores were calculated based on the LMS method, which adjusts the BMI distribution for differing degrees of skewness at different ages 18 ( Table 1) .
Stage of pubertal development and bone age In a subgroup of patients, genital and pubic hair development, and skeletal maturation was recorded. Pubic hair stage (girls, boys) and breast development (girls) was assessed by visual inspection and palpation using the rating scales by Tanner and Marshall. 19, 20 The volume of each testis was estimated by comparative palpation with the orchidometer of Prader. 21 Registered volumes represent the mean volume derived from the examination of right and left testis. All physical examinations were carried out by trained pediatric endocrinologists. Reference ranges from the First Zurich Longitudinal Study for breast and pubic hair stage and for testis volumes were used for comparison. 22, 23 Radiographs of the left hand and wrist were used to determine bone age according to the standards of Greulich and Pyle. 24 As parameter of skeletal maturation, we calculated the difference between bone age and chronological age at the time point of the examination (bone age (years) -chronological age (years).
Laboratory analyses
Blood samples were obtained from each patient in the morning between 0800 and 1000 hours at the day of admission to the clinics. Testosterone and dehydroepiandrosterone sulfate (DHEAS) were measured using specific RIAs (Immuno Biological Laboratories, Hamburg, Germany). Sex hormone-binding globuline (SHBG) was determined using a commercially available RIA (BioMerieux, Nurtingen, Germany). The inter-and intra-assay coefficients of variation for the RIAs did not exceed 10%. The applied reference ranges for the variables under investigation were obtained in a sample of 200 healthy, normal weight, normal stature boys and girls covering the age range from 6 to 18 years, which have been recruited from primary and secondary schools of the city of Ulm, Germany, in 1986. Back then, blood sampling was performed in the mornings between 0700 and 0900 hours. These references represent the current age-related reference data of our laboratory. Unfortunately, no data on pubertal development of this population is available.
Statistical analysis
Values of analyzed variables are given as mean, s.d. and range (minimum -maximum). Since datasets of analyzed variables were not complete for each subject, the sample sizes in various analyses can differ from the total sample size. Obesity and pubertal development C Denzer et al Box plots were plotted for visual exploration of data distribution. Box plots are composed of five horizontal lines that display the 10th, 25th, 50th, 75th and 90th percentile of a variable. All values for the variable above the 90th percentile and below the 10th percentile were plotted separately. Additionally, reference ranges for anthropometric measures and laboratory analytes were indicated within the graphs (gray columns). In selected graphs, logarithmic scales were used to achieve better visualization. For further explorative analysis, one-sample t-tests and 95% confidence intervals for the mean were calculated, comparing sample means and means from reference ranges. In the evaluation of the reference ranges, a normal distribution was assumed. For the comparison of different age groups, non-parametric tests were employed (Mann -Whitney U, Kruskal -Wallis test) for better statistical robustness. P-values o0.05 were considered statistically significant. 25 Where applicable, bivariate regression curves were plotted to illustrate correlations between different anthropometric measures. Polynomial orders of regression curves are noted in the figure legends. All statistical calculations were used as implemented in Statview v5.0 software package for Macintosh (Abacus Concepts, Berkeley, CA, USA). All study proceedings conformed to the guidelines for clinical research projects of the ethics committee of the Children's Hospital Hochried, Murnau at the time of study data collection.
Results
Parameters of pubertal development in obese boys Anthropometric and laboratory data of markers of pubertal development were available for a total number of 582 obese boys (age X6 years and o18 years).
Pubic hair stages and volume of testis. Information on pubic hair stage determined by visual inspection was available in 129 obese boys. As detailed in Table 2 , boys with clinical evaluation of pubertal development were on average younger, and slightly less obese than their counterparts without documented Tanner stages. Mean height-SDS did not differ significantly in both groups. 
Obesity and pubertal development C Denzer et al
Projecting the obtained data on the reference ranges from the First Zurich Longitudinal Study reveals no significant differences in average time points of occurrence of pubic hair stages PH2-PH4 (Figure 1a , b). In our sample, nine obese boys were classified having reached PH 5 at an average age of 16 Obesity and pubertal development C Denzer et al BMI, body height and skeletal maturation. Basic anthropometric data on age, body weight and body height was available from a total of 582 obese boys ( Table 1) . The distribution of SDS of body height over the age range are shown in Figure 2a . Mean height-SDS remained positive throughout the younger age groups (from 0.85 in 6 to 8-year olds to 0.48 in 12 to 14-year olds) and approximated zero or turned negative in the later two age groups (mean height-SDS 0.04 and À0.06, respectively). Comparing mean height-SDS between the 2-year interval age groups (Table 1) , proved this trend for lower mean height-SDS values in the adolescent portion of the study sample to be significant (Kruskal -Wallis test Po0.0001). Data on bone age was available in 70 obese boys. As shown in Table 2 , obese boys with bone age radiographs were younger and had lower BMI-and height SDS than the 512 boys without radiographic determination of bone age.
Subtracting chronological age from each individual's bone age results in positive values when bone age is accelerated, Obesity and pubertal development C Denzer et al negative values result when bone age is retarded. Results for this parameter of skeletal maturation are plotted in Figure 2c . Until the age of 14 years, mean bone age in the sample seemed to be accelerated, in older subjects, bone age tended to be normal or even retarded (Figure 2c ). Comparing the means of bone age -chronological age between studied age groups, this trend proved to be significant (Kruskal -Wallis test P ¼ 0.0003; included age groups 6-8, 8-10, 10-12, 12-14, and 14-16 years).
Laboratory parameters of pubarche and gonadarche. Studied laboratory parameters in obese boys included DHEAS, testosterone and SHBG. Distribution of each parameter was analyzed separately for each age group. Results are shown as box plots, respective reference ranges are indicated as gray columns.
DHEAS Laboratory data on DHEAS were available for 444 boys. Distribution of DHEAS values for each age group are shown in Figure 3a . Significantly higher mean DHEAS serum levels compared to mean reference values were present in age groups 8-10 years (1.3270.67 mg/ml, one sample t-test P ¼ 0.013, 95% CI 1.06-1.58), 12-14 years (2.3371.05 mg/ml, Po0.0001, 95% CI 2.17-2.49) and 14-16 years (2.9371.62 mg/ml, P ¼ 0.0022, 95% CI 2.63-3.23).
Testosterone Testosterone serum levels were determined in 511 boys. Data are shown in Figure 3c . Lower mean testosterone levels compared to mean reference values were present in age group 8-10 years (0.1270.07 ng/ml, P ¼ 0.001, 95% CI 0.09-0.15), and all subsequent age groups upwards from 12 years (12-14 years: 1.2671.36 ng/ml, 95% CI 1.06-1.46; 14-16 years: 2.7071.72 ng/ml, 95% CI 2.41-3.00; 16-18 years: 4.2671.72 ng/ml, 95% CI 3.73-4.79; all Po0.0001).
SHBG Serum levels of the binding protein of sex steroids were available from 430 obese boys. Figure 3e reveals significantly lower mean SHBG serum levels in the male study population compared to means of reference ranges in all age groups, except 6-8 and 8-10 years (one sample t-test, all Po0.0001). Mean SHBG levels decreased with age (Kruskal -Wallis test for inter-group differences Po0.0001).
Parameters of pubertal development in obese girls Anthropometric and laboratory data of markers of pubertal development was available for a total number of 650 obese girls (age X6 years and o18 years) ( Table 1) .
Pubic hair stages and breast development. Data on pubic hair stage was available from 95 obese girls, breast stages were assessed by palpation in 92 girls ( Table 2 ). As shown in Table 2 , girls with clinical assessment of pubertal development were significantly younger, but did not differ in other anthropometric indices from their counterparts without clinical evaluation of pubertal stage.
Box plot analysis ( Figure 1b ) and one sample t-test revealed no significant divergence in mean age and age distribution at stages PH1-PH5 between our study sample and reference data.
The box plots of age distribution at breast stages B2-B4 (Figure 1d ) suggest a tendency for reaching higher breast stages at younger age compared to references. Although, only mean age at B3 in the study sample was significantly lower than mean age in the reference population (11.671.2 years, one sample t-test P ¼ 0.03, 95% CI 11.1-12.1 years).
BMI, body-height and skeletal maturation. Table 1 gives a detailed overview of the anthropometric characteristics of 650 obese girls. In analogy to Figure 2a , Figure 2b illustrates the distribution of height-SDS in the studied sample of girls. As in the male subgroup, mean height-SDS was positive in younger girls and decreased with age. In the age group 14-16 years, height SDS averaged nearly zero (Table 1) . Differences in mean body height-SDS between age groups were statistically significant (Kruskal -Wallis test Po0.0001).
Bone age was determined by radiograph of the left hand in 83 girls of the study sample. The girls in this subsample Figure 3 (a) Box plot of serum dehydroepiandrosterone sulfate (DHEAS) serum levels (mg/ml) in 444 obese boys grouped in 2-year interval age groups (displaying 10th, 25th, 50th, 75th and 90th percentiles, values o10th percentile and 490th plotted separately). Corresponding reference ranges (5th-95th percentile) indicated by gray columns. Significant differences between mean DHEAS serum levels and respective mean reference levels indicated by * (see text). (b) Box plot of serum DHEAS serum levels (mg/ml) in 534 obese girls grouped in 2-year interval age groups (displaying 10th, 25th, 50th, 75th and 90th percentiles, values o10th percentile and 490th plotted separately). Corresponding reference ranges (5th-95th percentile) indicated by gray columns. Significant differences between mean DHEAS serum levels and respective mean reference levels indicated by * (see text). (c) Box plot of testosterone serum levels (ng/ml, logarithmic scale) in 511 obese boys grouped in 2-year interval age groups (displaying 10th, 25th, 50th, 75th and 90th percentiles, values o10th percentile and 490th plotted separately). Corresponding reference ranges (5th-95th percentile) indicated by gray columns. Significant differences between mean testosterone serum levels and respective mean reference levels indicated by * (see text). (d) Box plot of testosterone serum levels (ng/ml, logarithmic scale) in 540 obese girls grouped in 2-year interval age groups (displaying 10th, 25th, 50th, 75th and 90th percentiles, values o10th percentile and 490th plotted separately). Corresponding reference ranges (5th-95th percentile) indicated by gray columns. Significant differences between mean testosterone serum levels and respective mean reference levels indicated by * (see text). (e) Box plot of serum sex hormone-binding globuline (SHBG) serum levels (ng/ml) in 430 obese boys grouped in 2-year interval age groups (displaying 10th, 25th, 50th, 75th and 90th percentiles, values o10th percentile and 490th plotted separately). Reference ranges indicated by gray columns. Significant differences between mean SHBG serum levels and respective mean reference levels indicated by * (see text). (f) Box plot of serum SHBG serum levels (ng/ml) in 430 obese girls grouped in 2-year interval age groups (displaying 10th, 25th, 50th, 75th and 90th percentiles, values o10th percentile and 490th plotted separately). Corresponding reference ranges (5-95th percentile) indicated by gray columns. Significant differences between mean SHBG serum levels and respective mean reference levels indicated by * (see text).
Obesity and pubertal development C Denzer et al presented with a significantly lower mean age than their 567 peers whereas further anthropometric characteristics did not differ significantly between the groups ( Table 2) . The difference between bone age and chronological age was calculated for each subject and the results are shown in Figure 2d . As in their male counterparts, mean bone age seemed to be accelerated until the age of 14 years in the studied obese girls. Later on, acceleration of the skeletal maturation diminished, although these results have to be interpreted cautiously because of low numbers of observations in this age range.
Laboratory parameters of pubarche and gonadarche. The same profile of sex steroids as in males was studied in the female population of our study group.
DHEAS DHEAS serum levels were available from 534 girls of the study group. Distribution of DHEAS levels grouped by age groups are shown in Figure 3b . The box plots suggest a relative increase in adrenal activity in obese girls especially from 12 years on and older. One sample t-test analysis revealed significantly higher mean DHEAS levels compared to age-specific means of references in age groups 6-8 years (1.0170.66 mg/ml, P ¼ 0.004, 95% CI 0.65-1.36), 12-14 years (2.05 mg/ml, P ¼ 0.0001, 95% CI 1.88-2.33), 14-16 years (3.0271.59 mg/ml, Po0.0001, 95% CI 2.78-3.26) and 16-18 years (3.6671.81 mg/ml, Po0.0001, 95% CI 3.16-4.15).
Testosterone Distribution of serum testosterone levels (n ¼ 540 girls) in the five age groups is depicted in Figure 3d . Compared to reference ranges, a significant trend for all girls studied could not be detected. However, one sample t-test showed higher mean testosterone levels in girls aged 10-12 years (0.2470.16 ng/ml, Po0.0001, 95% CI 0.20-0.27) and in girls aged 12-14 years (0.3770.22, P ¼ 0.0013, 95% CI 0.34-0.41).
SHBG Data on SHBG serum levels were available from 430 of 650 obese girls. As shown in Figure 3f , SHBG levels clearly decrease with age (Kruskal -Wallis test between age groups, Po0.0001). Additionally, obese girls in our study with an age of 10 years and older had significantly lower mean SHBG serum levels compared to means of reference values (one sample t-tests, each Po0.0001).
Discussion
The strength of the present study is the large number of obese individuals from 6.1 to 17.9 years of age in which specific markers of pubertal development were determined. The obtained data were compared with currently applied references. The lack of a real control group of normal weight individuals investigated during the same time period leads to several limitations in the interpretation of the data. We referred to the published reference values of the First Zurich Longitudinal Study and with regard to laboratory data to the reference values provided by the laboratory. The latter were comparable to published reference values for each of the parameters under investigation. 26 The Zurich Longitudinal Study has been chosen as reference for pubertal stages and testicular development for different reasons. First of all, the standards of Largo and Prader are of outstanding quality and are still used in daily practice by many pediatric endocrinologists, especially in Southern Germany, and so in our clinic. Furthermore, Zurich (Switzerland) is located less than 200 km south from the city of Ulm, so possible geographic/ethnic factors may weigh in to a lesser extent, compared to study populations recruited from other parts of mid-Europe. Given the timeframe during which the data of the Zurich longitudinal study has been collected, this historic study also has to be considered as a snapshot of growth and development before the rise of the (childhood) obesity epidemic in Europe.
Development of pubic hair stage
In obese boys and girls, clinical evaluation of pubertal maturation showed no evidence for a shift in pubarche or testicular growth when compared with the First Zurich Longitudinal Study. This finding is particularly interesting with regard to the partly conflicting data from previous studies. 5, 15, 16, 27, 28 Development of breast stage More than 30 years ago, Frisch et al. 11, 29 have demonstrated a direct relationship between the amount of body fat and the age of menarche as well as the initiation of the adolescent growth spurt. Unfortunately, no sufficient number of postmenarchal girls with information about age of menarche was available in our study group. However, our data suggest that obesity leads to earlier breast development compared to the references of the Zurich Longitudinal Study. A positive relationship between increased BMI-values and earlier breast development was also found in other cross-sectional studies, 4, 13, 30 however, only few data were obtained by palpation. 31 Although the influence of environmental chemicals on accelerated pubertal development is not yet clear, 32 the well-documented epidemic of obesity provides a plausible explanation in both onset of breast development and also the age of menarche. 13 
Development of testis volume
In contrast to the large number of studies investigating the association between obesity and pubertal development in girls, only few studies have examined pubertal development in relation to body weight in boys. 15, 16, 27, 28 Our present data do not support the idea that increased body weight would
Obesity and pubertal development C Denzer et al have an impact on development of testis volume as suggested in an earlier study in obese Italian boys. 28 
Growth
In our study population of obese children and adolescents height SDS was significantly positive in both genders during childhood and early puberty. In addition, the subgroup of individuals in which bone age was determined showed an accelerated biological age during this developmental period. It is known from several other cross-sectional studies that obesity in childhood is associated with accelerated growth and skeletal maturation. 28, 33 Longitudinal data on growth of Swedish schoolchildren showed that increased body weight was associated with earlier peak height velocity in both genders. 34 The gain of 1 unit of BMI between 2 and 8 years of age was associated with an average of 0.11 years earlier for peak height velocity.
35
There are only few studies, which have investigated the hormonal regulation of the acceleration of bone age in obese children. In an earlier study, we could show that obese girls have increased levels of growth hormone binding protein (GHBP) possibly reflecting elevated GH receptor tissue density. 36 This mechanism could play a role in accelerating growth in obese children, as demonstrated by a significantly positive relationship between GHBP and height SDS. 36 In addition, we have shown earlier that obese girls have increased IGF-I levels until maturity. 37 We have suggested that the advanced development seen in overnutrition is due to increased IGF-I production. In a recent study we show that IGF-I levels correlate with the degree of bone age acceleration independently of gender and pubertal stage. 38 Interestingly, we could not find such an association with levels of DHEAS. Therefore, IGF-I seems to be a significant factor stimulating skeletal maturation in obese children.
Laboratory markers of pubertal development
In the present study data on serum concentrations of DHEAS, testosterone, and SHGB were available from a large number of individuals. DHEAS levels were increased in almost all age groups. Increased DHEAS levels in obese children have been reported earlier by L'Allemand et al.
39
DHEAS is a marker for adrenal activity and adrenarche. The mechanisms by which adrenal androgen secretion is activated are incompletely understood and likely involve intraadrenal changes in the activity of adrenal steroidogenic enzymes stimulated by insulin and IGF-1. A longitudinal study in German children showed that increases in urinary DHEAS production were associated with increases in BMI. This suggests that increases in body fat stimulate adrenal DHEAS production. 40 Increased DHEAS levels might also be related to an adverse cardiovascular risk profile. 41, 42 Serum concentrations of SHBG were markedly lower compared to references and decreased continuously with age in the obese subjects investigated in our study. SHBG is regulated by insulin and therefore hyperinsulinemia in obesity might be responsible for the decreased SHBG levels. [43] [44] [45] Obese girls had elevated mean testosterone levels between 10 and 14 years of age compared to reference values. The origin of testosterone production in girls might be adrenal and possibly also ovarian. This finding is in line with earlier observations that obesity is associated with hyperandrogenemia in pubertal girls. 39, 43 In contrast, obese boys showed impaired mean testosterone levels compared to mean reference values in age group 8-10 years and between 12 and 18 years of age.
Obvious dissociation of different signs of pubertal development in obese boys Regarding the above-mentioned findings, there is an obvious dissociation between longitudinal growth and adrenal activation on the one hand and gonadal function on the other during pubertal development in boys. In relation to height-SDS and bone age, gonadal maturation as indicated by testis volume and testosterone concentrations seemed to be retarded. In girls no such dissociation is seen, since growth, adrenal activation and breast development seem to be accelerated in parallel. In line with our findings, Vignolo et al. 28 demonstrated advanced pubertal development in obese girls, but suggested delayed genital development in obese boys. From our point of view, the most interesting finding of our study consists of the observation of decreased testosterone levels in obese boys, while growth is concurrently accelerated and testis volumes are normal compared to references. Being aware of the limitations of data interpretation when using reference ranges as controls, studies in adult obese subjects seem to correspond with our findings. In male adults, low total testosterone levels are frequently found in obesity together with low SHBG levels as well as decreased free testosterone levels. 46, 47 In some cases, an association with a reduced sperm count was found. 48 A recent study even showed lower fertility in obese men with a dose relationship to BMI. 49 According to the data of our present study it seems that the association between increased fat mass and lower testosterone levels is already present during pubertal development. The mechanism leading to decreased testosterone levels in male obesity is not yet clear. As a consequence of decreased SHBG levels in obesity an increased fraction of unbound testosterone is available for hepatic extraction and clearance. 50 Furthermore, in obese men elevated estrogen levels and decreased testosterone levels may result from increased aromatase activity in the enlarged adipose tissue depots. However, since these alterations should have a similar effect on circulating testosterone levels in boys and girls they will hardly explain the fat mass associated decrease in testosterone levels in obese boys whereas in obese girls the opposite is observed. The decreased testosterone levels associated with
Obesity and pubertal development C Denzer et al obesity in boys might be explained by an impairment in LH and FSH secretion and a disturbed LH pulsatility which has been demonstrated in extremely obese male adults. 47, 51 However, no such data are available for pubertal boys. Further studies are required to get more insight into the mechanism leading to lower testosterone levels in male obesity being present already during pubertal development. The low testosterone levels in obese pubertal boys might also contribute to the tendency towards negative height-SDS in late puberty, as shown in our study and other studies in the past. 28, 52 A possible impaired testosterone effect during pubertal growth has been shown to result in impaired final height. 53 In conclusion, the results of our study suggest that in obese children living in Germany, occurrence of pubic hair stages in boys and girls and development of testis volume in boys do not deviate from the applied reference data from the First Zurich Longitudinal study. However, breast stage 3 seems to be reached earlier in obese girls. Furthermore, height SDS and bone maturation is accelerated. DHEAS levels as a marker of adrenal maturation are increased throughout childhood and adolescence. To our knowledge this is the first study suggesting a link between BMI and low circulating androgens in adolescent boys despite advanced accelerated growth and normal testis volumes.
